Abstract TAMA300 has been upgraded to improve the sensitivity at low frequencies after the last observation run in 2004. To avoid the noise caused by seismic activities, we installed a new seismic isolation system-the TAMA seismic attenuation system (SAS). Four SAS towers for the test-mass mirrors were sequentially installed from 2005 to 2006. The recycled Fabry-Perot Michelson interferometer was successfully locked with the SAS. We confirmed the reduction of both length and angular fluctuations at frequencies higher than 1 Hz owing to the SAS.
Overview
The laser interferometer gravitational wave detector TAMA300 [1] has been operating since 1999. TAMA300 is located at the Mitaka campus of the National Astronomical Observatory of Japan. The aims of this project are to develop advanced techniques for future kilometric ground-based interferometers like LCGT [2] and to detect gravitational waves that may occur within our local group of galaxies. Not only TAMA300 but also several other interferometric detectors (GEO [3] , LIGO [4] and VIRGO [5] ) are presently in operation to detect the first gravitational wave signals.
TAMA300 performed nine observation runs up until 2004. A total of 3000 h data was accumulated [6] . After the last observation run, TAMA300 was upgraded to reduce the lowfrequency noise. The alignment noise was dominant at frequencies lower than 200 Hz [7] . Reduction of the angular fluctuation of mirrors by a powerful seismic isolation system was required to make the narrow band alignment control possible.
Development of the TAMA SAS [8] started in 1999 in cooperation with the LIGO SAS group to improve the vibration isolation system in TAMA300. The experiments using the TAMA SAS prototype [9] were finished in 2002. We started manufacturing and assembling the SAS for TAMA300 in 2003. The plan is to upgrade the isolation system for the four test-mass mirrors. In the former isolation system, the mirror was suspended by a doublependulum which was placed on an optical table supported by a three-layer stack [10] and an active isolation system with pneumatic actuators [11] . The new isolation system consists of a horizontal 5-layer pendulum and a 3-layer vertical isolation.
The first SAS was installed in the west-end chamber (EM1) in 2005. The second SAS was installed in the east-west front chamber (NM1) in 2006, thus forming a 300 m cavity with the first SAS. Then, the SAS pair was installed in the north-south arm (NM2, EM2) by the end of 2006. We could successfully lock the recycled Fabry-Perot Michelson interferometer with all the four SASs in June 2007. The improvement of the interferometer sensitivity by the SAS was confirmed, as described in this paper.
Seismic attenuation system (SAS)

Structure
The fundamental structure of SAS is similar to the super attenuator [12] of VIRGO, while the SAS utilizes a special spring geometry to replace the magnetic anti-springs. Figure 1 shows a schematic view and a picture of the TAMA SAS. An inverted pendulum (IP) [13] was employed for the horizontal isolation at low frequencies. The two spring constants due to the combination of gravity anti-spring and the elastic spring of the flexible joint were tuned to realize a natural resonant frequency lower than 100 mHz. Two stages of vertical filters using monolithic geometrical anti-spring (MGAS) [14] are suspended from the IP. Cantilever springs with anti-spring force generated by radial horizontal compression can realize vertical resonance lower than 0.5 Hz. The flexible joints for the IP and the MGASs are made of maraging steel which has a very large tensile strength of more than 2 GPa. A payload, which consists of a platform, an intermediate stage and a test-mass with a recoil-mass [15] , is suspended by the vertical filter chain. The platform is aligned by eight magnet-coil actuators. Four mini-MGAS filters are embedded in the platform for vertical isolation. The test-mass suspension is compatible with the former double-pendulum. Eddy current damping is applied on the intermediate stage. The test-mass is actuated from the coaxial recoil-mass through four additional magnet-coil actuators.
Control system
The control system for the TAMA SAS is handled by a digital system using a commercial PXI-bus target produced by National Instruments (NI). An embedded controller has a CPU (typically Intel Pentium III/1.26 GHz) operated by a real-time operating system. Analog signals are processed through ADC (8 channels, 16-bit, 333 kS s −1 ) and DAC (8 channels, 16-bit, 1 MS s −1 ) modules. Programs are coded on a host PC using NI LabVIEW. The programs are compiled on the host PC, uploaded into the remote target and executed there.
We implemented two kinds of control systems. One is the IP control shown schematically on the left side of figure 2. There are three accelerometers (ACC) [16] , three linear variable differential transformers (LVDT) [17] as position sensor and three coil-magnet actuators [18] on the top of the SAS to control the horizontal directions. A LVDT and a coil-magnet actuator are employed also for the vertical direction. Since the accelerometers, the LVDTs and the actuators are not aligned to the direction of IP's eigenmodes (X, Y and θ), the sensing and driving signals must be diagonalized to the directions of X, Y and θ. Six channels are assigned to the ADC inputs of the digital controller for the accelerometers and the position sensors. Analog anti-aliasing filters (AAF) are mounted in front of the ADC inputs. Three channels are assigned to the DAC outputs for the actuators. The main process of the digital controller is the diagonalization and filtering of the input signals, as well as generating control voltages on the three actuators corresponding to three virtual actuators acting on each of the eigenmodes of the IP. First, the diagonalization matrix was decided using natural modes which appear in the measured transfer functions from each actuator to each sensor. Second, optimal servo filters were designed using the measured transfer functions from a diagonalized virtual actuator to a virtual sensor. The loop rate of the process is 250 Hz. The unity gain frequency of the open loop is at 2 Hz. Additionally, there are a global control loop for the cavity length and a damping control loop for excited torsion modes using a differential photo sensor (PS) and the virtual actuator acting on θ. These torsion modes are due to the moment of inertia of the payload suspended by a single wire from the IP. The fundamental mode has a resonant frequency of ∼40 mHz and a long settle time of ∼1000 s. The other is the platform and test-mass (PF-TM) control shown schematically on the right side of figure 2 . Signals of the test-mass rotation (pitch and yaw) detected by a local optical lever (OL) are fed back to the test-mass actuators. The loop rate of this process is 1 kHz. The unity gain frequency of the open loop is at 2-3 Hz. After the cavity is locked, the sensing signals are replaced by global signals from the interferometer acquired by the wave front sensing (WFS) method [19, 20] . We could successfully change the control signals from the optical lever to the WFS without the loss of lock. Additionally, there are control loops for the platform. At present, this function is used only to apply DC offsets for the initial alignment of the test-mass.
Characteristics of the inverted pendulum
The fundamental frequencies of the inverted pendulum (IP), which characterize the quality of each SAS, are shown in table 1. Most of the horizontal modes (X and Y) were tuned to be lower than 100 mHz except for EM1 in which an asymmetry of the elastic spring components of the IP caused the large splitting of the modes. The frequencies of rotational mode (θ) are ∼0.5 Hz. The natural quality factor Q of the horizontal modes was very small (1 or less). This property causes the 1/f (where f is the frequency) behavior of the vibration isolation function. As a result, the attenuation from the ground motion of the IP was about −25 dB at 1 Hz. A prototype TAMA SAS had Q of ∼10 at 50 mHz [9] . It is likely that vacuum-compatible stiff wires used for electric signals added mechanical loss. 
Confirmation of performance
Configurations of the interferometer
We installed the SAS one by one and confirmed its performance using the TAMA interferometer step-by-step:
Step-1, one arm; Step-2, locked Fabry-Perot (FP); Step-3, recycled Fabry-Perot Michelson interferometer (FPMI).
In
Step-1, one arm with the SAS was compared with the other arm with the old suspension. The length fluctuation of the arm cavity was measured by the feedback signal fed to the laser in order to lock the cavity.
Step-2, each arm cavity with the SAS was locked differentially. We call this configuration the locked FP. The inline arm cavity was locked by actuating the laser frequency for stabilization of the light source, while the perpendicular arm cavity was locked to this stabilized light by actuating the front mirror of the perpendicular arm, so-called mass-lock. Since the power recycling mirror was misaligned, the light power was very small.
Step-3 is close to the full configuration with power recycling. The recycling mirror and Michelson part are locked using signals demodulated at the third-harmonic frequency [21] . Only the signal for the Michelson part is changed to signal demodulated at the first-harmonic frequency after the lock acquisition. Step-2 configuration (locked FP) and Step-3 configuration (recycling). The previous best sensitivity is also shown. Please note that the worsened sensitivity above 150 Hz is due to the incomplete commissioning of the interferometer. The SAS has no effect above 100 Hz.
Length performance
Improvement of the displacement noise at 0.1-100 Hz was confirmed in the Step-2 configuration as compared with the previous best sensitivity (figure 4). The sensitivity around 1 kHz was far from the best one because of small light power.
In the Step-3 configuration, the sensitivity of around 1 kHz was close to the best one as shown in figure 4 . The improved frequency region was extended to 150 Hz. Please note that the worsened sensitivity above 150 Hz is due to the incomplete commissioning of the interferometer. The light power at the dark port was not large enough to obtain the sensitivity consistent with the best one. The SAS has no effect above 100 Hz.
An alignment noise was still dominant at 10-50 Hz. One thing, however, is certain: the signals acquired by the WFS are larger than the signals acquired by the local optical lever. The WFS may couple to jitters of the incident beam to the arm cavity. Therefore, a common mode signal should be fed back not to the test-mass mirrors but to the incident beam. We need a new servo topology to solve this problem.
Angular performance
We confirmed the angular fluctuation of the test-mass using an optical lever. The fluctuation with the SAS showed improvement above 1 Hz as compared with the fluctuation with the old suspension as shown in figure 5 . Sensing noise of the optical lever is lying around 10 −9 rad Hz −1/2 . Although the uncontrolled RMS fluctuation with the SAS (12µ rad for yaw) was larger than the fluctuation with the old suspension (1.0µ rad), we could set the bandwidth of the alignment control servo to 2-3 Hz. It was 10-20 Hz previously. The many resonant peaks below 3 Hz, due to the multi-pendulum, were damped using a servo filter with many pole-zero pairs. It is difficult to construct such a filter by an analog circuit at frequencies below 1 Hz. The residual RMS of angular fluctuation was 0.2 µrad with the control. This will result in a reduction of the noise due to the alignment control system which limited the former sensitivity of TAMA300. 6 LIGO-P070150-P 
Summary
Installation of the SAS into TAMA300 was completed. The recycled FPMI was successfully locked using the established control system for the SAS. The length fluctuation of the 300 m cavity was improved above 0.1 Hz owing to the SAS. The improved angular fluctuation of the test-mass will result in a reduction of the alignment noise.
